The Behavioral Repertoire of the Gastric Mill in the Crab, Cancer pagurus: An in situ Endoscopic and Electrophysiological Examination
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Simultaneous endoscopic and electrophysiological recordings were used to observe the behavior of the gastric mill complex while recording the motor output of the stomatogastric ganglion (STG) in intact crabs. In the crab STG, many pattern-generating neurons are able to fire in several distinct rhythmic motor patterns. Specifically, many neurons can switch between firing in time with the rapid pyloric rhythm to firing in time with the slower gastric mill rhythm (Weimann et al., 199 1) . We now correlate behaviorally relevant movements of the gastric mill with some of the modifications of neuronal firing patterns previously characterized using in vitro STG preparations.
The intracellular and extracellular recordings from the intact crab are largely indistinguishable from those obtained from in vitro preparations.
For The stomatogastric nervous system has provided numerous insights into the mechanisms of pattern generation in rhythmic neural networks (Harris-Warrick and Marder, 199 1; Selverston and Moulins, 1987) . Work on isolated, in vitro preparations has demonstrated that each of the large number of different modulatory substances present in inputs to the stomatogastric ganglion (STG) produces a different variant of the motor patterns produced by the STG (Marder and Hooper, 1985; Marder and Weimann, 1992) . Early work focused on modifications of the fast pyloric rhythm (Marder and Nusbaum, 1989 ) and the slower gastric mill rhythm (Heinzel and Selverston, 1988) produced by the STG. More recently, it has been shown that different modulatory environments can change synaptic efficacy, plateau
The richness of the modulatory changes seen in in vitro preparations often leads to the question of whether this richness is somehow an artifact of the in vitro preparation. Indeed, it is possible that the physical constraints and sensory feedback found in the intact animal might lead to much less flexible motor outputs than those produced in vitro. Therefore, one of the motivations underlying the present work is to determine whether several of the neuromodulatory changes that are found in in vitro preparations are seen in intact animals, and whether these are likely to have discrete, behaviorally significant roles.
Several laboratories have used various techniques to record either motor patterns or movements in the stomatogastric nervous system of intact behaving animals. EMGs (Powers, 1973; Hartline and Maynard, 1975; Moulins, 1983, 1992) and extracellular (Morris and Maynard, 1970; Hermann, 1979a,b) and intracellular recordings (Hermann and Dando, 1977) have been used to examine the gastric and pyloric rhythms in intact or minimally dissected animals. Although these techniques allow the motor patterns in intact or almost intact animals to be recorded, they do not provide information about the actual movements associated with motor patterns. Small changes in motor patterns may produce appreciably different movements, or changes in motor patterns that appear dramatic may produce relatively little change in movement because of the nonlinear processes between patterns of activity and movement in a complex three-dimensional structure such as the foregut.
This limitation was partially overcome when direct observation of the three gastric teeth was achieved by inserting a narrow endoscope through the esophagus of the spiny lobster Punulirus interruptus (Heinzel, 1988a,b; Boyle et al., 1990) . These endoscopic observations have greatly increased our understanding of the complex movements of the crustacean foregut. However, in these previous studies, movements of the medial and two lateral teeth were not directly correlated with recordings of the gastric motor neurons. Therefore, we were unable to assess directly which of the changes in motor patterns were likely to produce different movements.
We now combine endoscopic and electrophysiological recordings to associate the movements of the gastric teeth, the accessory teeth, and the cardiopyloric valve with the activity of STG motor neurons. We examined the gastric mill complex of the crab Cancer pagurus for several reasons. The gastric mill teeth are easily observed with an endoscope. Moreover, the Crabs with a carapace diameter of ~2 cm were used to allow a complete view of the stomach. Note rows of hairs in the cardiopyloric valve (CPV) pointing toward the pyloric chamber (P). MT, medial tooth; LT, lateral teeth; AC, accessory teeth; C'S, cardiac sac; H, hinge of medial tooth. Scale bar: 2 mm for A; 1 mm for B.
anatomy of the crab allowed intracellular and extracellular recordings from the STG with only minimal dissection of the carapace and underlying hypodermis.
Simultaneous recordings of the movements of the gastric mill and STG motor patterns show that the motor patterns in the intact animal are similar to those from in vitro preparations. In this article we focus on movements that are produced as STG neurons switch their activity patterns from pyloric time to gastric time (Weimann et al., 1991) . We now show that switches in neuronal firing patterns described for the isolated in vitro preparation also occur in the intact behaving crab. Importantly, some of the most difficult to understand changes in neuronal firing patterns are now seen to have simple behavioral roles.
Some of these data have appeared in abstract form (Heinzel and Weimann, 1990 ).
Materials and Methods
Animals. Cancer pagurus were obtained from a marine food supplier in Paris. The crabs were kept in aerated seawater tanks at 13°C for several days. Sixty-five crabs (44 females and 2 1 males) weighing OS-1.5 kg (outer carapace width, 10-l 8 cm) were used for recordings. Five small Cancer borealis (carapace, -1 cm) were used for scanning electron microscopy. The experiments described in Figures 3A and 4A were obtained from male Cancer borealis (Neptune Lobster and Seafood Co., Boston, MA).
Endoscope. A flexible endoscope (model TBF-1.4-50, made by Hinze GmbH) with an outside diameter of 1.4 mm and an 130" field of view was inserted using a mouth holder (6-mm-diameter tubing with four smaller-diameter tubes glued into it). The endoscope was inserted into the central tube while two other tubes carried the inflow and outflow of the saline stream used to flush the digestive juices that impede viewing of the teeth. A small syringe was introduced into the fourth tube to remove air bubbles that accumulated near the medial tooth and distorted the image of the teeth. A hole was drilled into the main tube and connected with plastic tubing to a syringe. A piece of balloon was sealed over this hole; air was forced into this balloon, causing it to expand and secure the mouth tube in the esophagus. This also allowed a tight seal of the stomach so that increasing the rate of the saline inflow led to inflation of the stomach, thus permitting better viewing of the teeth.
The endoscope was inserted to give a clear view of the three gastric teeth, the accessory teeth, and the cardiopyloric valve (Fig. 1A) . A similarly oriented scanning electron microscopic view of the gastric mill is shown in Figure 1B . The top of Figure 1B is the anterior part of the gastric mill where the hinge (H; ossicle II) of the medial tooth (MT) is located. The lateral (LT) and accessory (AC) teeth are found on each side of the medial tooth. On the ventroposterior margin of the gastric mill is the cardiopyloric valve (CPV) with the clearly visible minute hairs oriented toward the pylorus (P). Because the endoscope has a 130" field of view, the dorsal teeth and the ventral cardiopyloric valve appear in the same plane. The dorsal view of the teeth is seen in Figure 2B , and the ventral view in Figure 2E . Preparation. The crabs were held in a small aquarium containing circulating filtered, aerated, and chilled (13°C) artificial seawater, to allow the crab to respire normally while keeping the dorsal surface of the carapace above the water line. The carapace was cut open with a dental drill. A thin layer of epoxy glue was applied to the carapace outside of the cut.
Before the cut portion of the carapace was removed, a Vaseline well was formed on the dried epoxy glue on the carapace surrounding the area where the carapace would be removed ( Fig. 2A) . This allowed separate perfusion of the musculature and nervous system ( Fig. 2B ) with crab saline (440 mM NaCl, 11.3 mM KCl, 13.3 mM CaCl,, 26.3 mM MgCl,, 11.0 mM Trizma base, 5.2 mM maleic acid, pH 7.4-7.5) at 13-15°C. Exposed tissue was superfused at IO-25 ml/min. Endoscopic observations during dissection showed that the movements of the stomach were not perturbed by carapace removal.
The STG is suspended in a major artery. To maintain the flow of oxygenated saline throughout the animal after opening the artery for recordings, the artery was severed posterior and anterior of the STG.
The posterior artery was clamped with a small spring-wire clamp, and the anterior portion was ligated to the outflow line of a peristaltic pump. The animal was then perfused with chilled crab saline. Extracellular recordings. Extracellular recordings from the major nerves exiting the STG were made with hook-cuff electrodes using 40 pm varnished stainless steel wire (Fig. 2C) . Pieces of glass tubing (1.25 mm o.d., 0.50 mm i.d.) were ground to a conical shape at one end, and then Figure 2 . Protocol. A, Crabs were stabilized in animal holder and placed in a small aquarium. The carapace was opened and the nervous system exposed. The STG was stabilized on a supporting platform (SP). Brain (PZ?) and whole animal (PA) were perfused with cold saline. A flexible endoscope (EN) was inserted into the cardiac sac, enabling viewing of the gastric mill. B, Dorsal view of stomach highlighting muscles and nerves MT, LT. and RT (medial, left, and right lateral teeth, respectively). Extracellular nerve recordings were made from the dgn, mvn, and dvn. aln, anterior lateral nerve; Ivn, lateral ventricular nerve; stn, stomatogastric nerve. C, Hook-cuff electrodes used for nerve recordings. D, The STG was supported on a platform (SP) coated with Sylgard (SG) over a mirror (MI) . Thin Sylgard walls with slits (s) for nerves allowed perfusion of the STG alone (PC). Standard microelectrode (M) techniques were used. E, Schematic of teeth as seen through the endoscope. MU, Half-width of medial tooth; SE, serrated edged of lateral tooth; X and Y, coordinate system for movement plots; ZZ, ossicle II. fire polished to make the tip contract to an inner diameter twice that of the desired nerve. The wire was inserted and the large-diameter hole sealed with melted dental wax. The wire exiting the polished end was stripped ofthe varnish and bent into a hook (200-300 pm). This floating electrode was placed near the nerve (Fig. 2B) , and the stripped end of the wire was looped around the nerve and pushed back into the narrow polished end of the glass electrode. The wire was then grasped near the wax plug, and the hooked wire and nerve were drawn into the glass electrode where the connective tissue of the nerve electrically sealed the electrode. These electrodes moved with the stomach without obstructing the intracellular recordings.
The identity of the neurons firing in the motor nerves is known from extensive previous work on the crab stomatogastric nervous system in which motor nerve recordings were combined with intracellular recordings from somata and from muscles innervated by these neurons Weimann et al., 199 1) . Zntrucellular recordings. A platform (Fig. 20) made from rigid titanium was placed below the STG. A mirror made by gold plating a piece of coverslip was glued to the bottom of the platform. A thin layer of Sylgard was applied over the mirror, to which the STG was pinned. A Sylgard funnel was constructed by dipping a conical metal piece into a pool of Sylgard and allowing it to harden. The funnel was then glued to the platform, and four slits were cut for the nerves exiting the STG. Once the platform was in position below the STG, the nerves were placed into the precut slits, which were sealed with Vaseline. A saline inflow (15 ml/min) tube was glued to the platform. The outflow tube was mounted on a micromanipulator allowing control of the saline level around the ganglion, and provided a superfusion system for the STG separate from that for the rest of the animal.
Microelectrodes filled with 2 M K-acetate (20-30 Ma) were mounted on Narishige micromanipulators and used to record from somata after desheathing the STG.
Data analysis. The endoscopic image of the foregut was monitored by a sensitive black-and-white video camera (model ITC-48, Ikegami Co.). A clock signal (model VTG-33, For-A Inc.) was inserted for later identification of video frames. Another video camera captured the intracellular and extracellular recordings from an oscilloscope. The signals from both video cameras were merged with a video screen splitter (model SSI-5, Ikegami Co.) and displayed on a high-resolution monitor and recorded on a Sony Video 8 PAL recorder (model EVS-850P). The audio tracks of the video recorder were used for extracellular nerve signals. Extracellular and intracellular recordings and the video clock signal were stored on a seven-channel FM recorder (Racal).
The movement profiles of the lateral teeth were plotted in x,y-coordinates. The position of the tips of the teeth was measured on the video screen in every second frame of a data sequence. The x-or y-coordinate was plotted versus time ( Fig. 2E ; see Heinzel, 1988a,b , for a complete description). In some experiments a video frame grabber (Quick Capture, Data Translation, Inc.) was used with NIH IMAGE 1.40 software on a Macintosh IIfx computer.
Results
The gastric mill rhythm The gastric mill rhythm controls the movements of the two lateral teeth and one medial tooth. Robust gastric rhythms have periods of approximately 5-10 set, and several variants of gastric mill rhythms have been described (Mulloney and Selverston, 1974a,b; Heinzel, 1988a,b; Heinzel and Selverston, 1988) . In gastric rhythms the two lateral teeth move in and out and the medial tooth moves back and forth at 90" to the lateral tooth movement (Hartline and Maynard, 1975) . Variations in the relative timing of the lateral and medial tooth movements result in some of the variations of the gastric rhythms described. Heinzel (1988a,b) described two characteristic forms of the gastric mill movements. In the "cut and grind" movement, the lateral teeth close before the medial tooth retracts. In the "squeeze" movement, the lateral teeth close while the medial tooth retracts. These different movements were correlated with variations in the relative phasing of the motor neurons that innervate the muscles of the gastric mill (Nagy et al., 1988) .
Comparison of in vitro and in situ recordings
Early work on several species of decapods had shown striking similarities between recordings of the motor patterns from intact or minimally dissected animals and from isolated stomatogastric nervous system preparations (Morris and Maynard, 1970; Hartline and Maynard, 1975; Hermann and Dando, 1977) . Heinzel and Selverston (1988) measured the effects of two modulators, octopamine and proctolin, on gastric mill motor patterns produced by in vitro preparations and then attempted to associate these with movements visualized with the endoscope (Heinzel, 1988a,b) . We now compare directly motor patterns and their associated movements with in vitro recordings during spontaneous activity and in the presence of several different modulatory substances. Two peptides from the FMRFamide family, SDRNFLRFamide and TNRNFLRFamide, initiate gastric activity in the isolated crab STG (Weimann, 1992) . Figure 3 provides a direct comparison of the effects of one of these peptides, SDRNFLRFamide, on in vitro and in situ preparations. In the absence of peptide (Fig. 3A,B , saline) the recordings of the dorsal ventricular nerve (dvn), medial ventricular nerve (mvn), and dorsal gastric nerve (dgn) (which monitor the pyloric and gastric motor patterns) show that only a pyloric motor pattern is present [see the fast rhythm on the dvn in which the lateral pyloric (LP), pyloric (PY), and pyloric dilator (PD) neurons fire in altema- tion]. After application of SDRNFLRFamide (Fig. 3A ,B) a gastric rhythm was initiated [as monitored by bursts of the dorsal gastric (DG) neuron on the dgn]. Note also that the inferior cardiac (IC) neuron and the ventricular dilator (VD) neuron (the two units on the mvn), both of which were previously characterized as pyloric neurons, switched into gastric-timed activity patterns in the presence of peptide (Weimann et al., 199 1; Fig. 3A, B) . The differences seen between the SDRNFLRFamide recordings in the two cases (e.g., the absence of the IC activity in the in situ case) are also seen in peptide applications in different in vitro experiments (Weimann, 1992) . These data are representative of the results from 19 applications of SDRNFLRFamide in 12 animals. We applied several other neuromodulators known to influence STG motor patterns in in vitro preparations to the in situ preparation. As is the case for SDRNFLRFamide, similar results were obtained in in situ recordings to those previously obtained in in vitro recordings. Proctolin (n = 20) applied to in situ preparations increased the pyloric frequency (in slow rhythms, < 1 Hz) and the number of action potentials in each LP burst (see also Fig. 9A ). Proctolin also initiated or enhanced gastric activity in the intact crab in six preparations, as had previously been demonstrated (Marder and Nusbaum, 1989; Heinzel, 1990a,b Weimann et al., 1990) . (See Heinzel, 1988a,b, and Selverston, 1988 , for a comparison of the in vitro and intact lobster.) The effects of the muscarinic agonist pilocarpine (19 applications in 15 animals) (Marder and Hooper, 1985; Marder and Weimann, 199 1) and crustacean cardioactive peptide Stangier et al., 1988) applied to the STG (n = 5) were also similar to those previously described in in vitro preparations of crabs . The above comparisons were not intended to provide a detailed description of the effects of these modulators on the behaving crab. Rather, we wished to determine whether the effects were qualitatively similar to those seen in vitro, thus making it possible to study the movements that are likely to be associated with each modulated state. Moreover, these data provided us confidence that the experimental perturbations associated with making simultaneous physiological and movement recordings were not themselves producing significant perturbations of the preparations.
Pyloric-timed movements of the lateral teeth One of the most puzzling results from recent work on the crab STG was the finding (Weimann et al., 1991 ) that many of the neurons of the STG can markedly change their patterns of activity. Specifically, many of the neurons that innervate muscles that were thought to function only to move the pylorus were found to fire in time with the rapid pyloric rhythm under some conditions, but were also found to fire in time with the slower gastric rhythm under other conditions. Additionally, many neurons that innervate muscles thought previously to function only to move the teeth of the gastric mill were found to fire in time with the rapid pyloric rhythm (Weimann et al., 1991) . It was not clear from these in vitro experiments whether the same switches in firing patterns occurred in the intact, behaving an- imal. Moreover, the potential behavioral consequences of these switches were unclear. The combined endoscope and electrophysiological recordings illuminate this situation.
In Figure 4 we compare recordings from the lateral gastric (LG) neuron in vitro and in situ, and show that the LG neuron produces the same complex patterns of activity in the two conditions. Figure 4A displays simultaneous intracellular recordings from the LG neuron and two pyloric rhythm neurons, the LP and PD neurons, in an in vitro preparation. Note that the LG neuron was firing in a hybrid rhythm in which long (l-2 set) gastric bursts alternated with three or four pyloric-timed bursts. Figure 4B shows an intracellular recording from the LG neuron made in an in situ preparation. The pyloric rhythm is seen in the extracellular dvn recording. As in Figure 4A , the LG neuron was firing in a hybrid rhythm in which long bursts alternated with more rapid pyloric-timed activity. New insight into the functional consequences of the hybrid rhythm displayed by the LG and other neurons comes from endoscopic examinations of the movements of the crab gastric mill teeth. Figure 5 shows sequences of activity in which typical l-2 set bouts of gastric activity cause the lateral teeth to move forward and meet at the tips, followed by the closure of the serrated edges of the lateral teeth over the medial tooth (Fig. 5,  bottom, panel 3 ). This has been termed the "cut and grind" mode of chewing (Heinzel, 1988a) . The position of both lateral teeth with respect to the midline during three cycles of a gastric rhythm is plotted in the top portion of Figure 5 . The fully closed position of the lateral teeth is at the midline, while the fully opened position in this animal was 2 MU from the midline (MU is half the width of the medial tooth). Three distinct positions are observed. First, between the longer gastric bursts the lateral teeth pump four or five times at a frequency characteristic of the pyloric time. Panel 1 shows the position of the lateral teeth in the partially closed state of one of the rapid movements. Figure 6 . Simultaneous movements and motor patterns during gastric rhythm. Top pane/s are plots of sideward (A') and frontal-caudal (r) movements of the tips of the two lateral teeth and the medial tooth that were produced by the motor patterns below. The pyloric rhythm is seen as the rapid alternation between the LP and PD neurons on the dvn. The gastric rhythm is characterized by the alternation between the DC and GM neurons shown on the dgn, as well as the groups of large LG action potentials on the dvn. The mvn carries the axons of the VD and IC neurons. The beginning of seven IC bursts are marked between the two top traces (vertical bars) to illustrate their correlation with the small pumping movements of the lateral teeth. The dgn also shows the small spike ofa mechanoreceptor, the anterior gastric receptor (AGR) neuron.
Second, after this partial closure the teeth are retracted to the fully open state (panel 2). This pumping motion, which appears to stir the contents of the gastric mill, is repeated five or six times before the complete closure of the lateral teeth occurs (panel 3). Not only do the tips of the teeth meet at the midline, but the posterior serrated edges also meet, executing the cut portion of the cut and grind. To determine directly if the rapid movements seen in Figure  5 are actually produced by pyloric-timed activity, we simultaneously recorded movements and motor patterns. Figure 6 presents the movements of the lateral and medial teeth together with extracellular recordings that #how the motor patterns that produced them. Note that the full closures of the lateral teeth are associated with long, gastric-timed bursts in the LG neuron. Additionally, each rapid, partial closure of the lateral teeth is in time with the pyloric rhythm. (The onset of the IC burst is shown in the vertical lines over the right part of the right lateral tooth recording.) In this particular experiment, the pyloric-timed closing of the lateral teeth was partially produced by pylorictimed activity in the IC neuron, as a cut of the mvn on one side produced an ipsilateral reduction of the movement (not shown).
To determine if the short pyloric-timed bursts in the LG and medial gastric (MG) neurons (such as those seen in the hybrid LG pattern in Fig. 4) were also sufficient to move the lateral teeth in pyloric time, in three preparations we recorded intracellularly from these neurons, and individually depolarized or hyperpolarized them while monitoring the position of the teeth (Fig. 7) . Because we were only able to record intracellularly from one neuron at a time, the following paradigm was used. Although the MG and LG neurons are electrically coupled and usually fire together, each can be induced to fire alone when depolarized shortly after a spontaneous burst (Fig. 7) . Figure 7 illustrates five closures of the lateral teeth. In closure 1 both LG and MG fired spontaneously and a small movement ensued. The MG neuron was then depolarized (horizontal bar); LG did not fire during the depolarization. Because it was not possible to balance the bridge, the number of MG spikes could not be directly measured. Firing MG strongly without LG produced a complete closure (closure 2) of the tips of the lateral teeth. Closure 5 was started by depolarizing MG, which induced the LG neuron to start firing, resulting in a strong prolonged closure of the lateral teeth. These and other observations lead to the conclusion that the MG neuron is involved in the closing ofthe tips of the lateral teeth. Short bursts of the LG neuron also close the tips of the lateral teeth. However, longer bursts cause the tips to meet at the midline first, which is then followed by the serrated edges of the lateral teeth meeting at the midline to produce the cut phase of the cut and grind. When the LG and MG neurons fire in pyloric time or in a hybrid, pyloric/gastric pattern, they can fire from one to five spikes in each pyloric burst. Therefore, we were interested to determine the movements produced by bursts of pyloric-timed activity of different numbers of spikes per burst. To study this, in 10 preparations we stimulated the dvn at various frequencies (this gave more control than that achieved with intracellular stimulations), at thresholds sufficient to activate either the LG alone, or the LG and MG together. This is possible because the LG and MG axons routinely are the lowest-threshold units in of Neuroscience, April 1993, f3 (4) 1799 the nerve. Figure 84 shows a plot of the movements of the lateral teeth for three bursts of 4 spikes/burst of the LG alone, followed by successive stimulations of LG and MG together. Note that 4 spikes/burst of the LG produced a substantial movement, but the movements produced by activation of both the LG and MG were larger. Figure 8 , B and C, shows the significance of facilitation and the previous history of activity for the movements produced. In Figure 8B the dvn was stimulated to give 3 impulses/cycle. At the start of the sequence the teeth were open, and they steadily moved closer together with the next three bursts, until each pyloric burst brought them to an almost closed position. In Figure 8C the dvn was stimulated twice with each pyloric burst. The first sequence of stimuli produced small closing movements. Then a continuous stimulation for about 5 set to mimic along gastric-timed burst produced a complete closure of the teeth. Subsequently, the same pyloric-timed stimuli produced larger closing movements, as the teeth pumped inward and outward on a continuously opening trajectory. Figure 80 shows a plot of the maximal amplitude of the closing movements produced by bursts consisting of increasing numbers of stimuli. As the number of action potentials/burst was increased, the closing movement increased from 20% closed to totally closed at 5 spikes/burst. Together, the data shown in Figures 7 and 8 indicated that even small numbers of pylorictimed spikes can produce behaviorally significant movements. Moreover, the amplitude of these movements depends critically on the dynamics of the ongoing rhythms. In many preparations (either under control conditions or in the presence of low concentrations (1 O-8 M) of SDRNFLRFamide) the only neuron that fires in long gastric-timed bursts is the DG neuron. In these circumstances the LG and MG neurons fired in pyloric time. The movements that result from this pattern of activity can be seen using the endoscope, and consist of rapid pyloric-timed "pumping" movements of the lateral teeth (as seen in Figs. 7, 8 ) while the medial tooth moved caudally toward the pylorus in a "battering ram" fashion. This is the first time that this behavioral sequence has been observed, and likely functions to move food into the pyloric chamber from the gastric mill. This "pyloric loading" behavior can be aided by movements of the cardiopyloric valve controlled by the IC and VD neurons.
Functional role of IC neuron pyloric-gastric switching
The IC and VD neurons move parts of the gastric mill and cardiopyloric valve. These two neurons are also involved in the movements of the accessory teeth, which are mechanically coupled to the lateral teeth and the cardiopyloric valve region. The resulting movements differ depending on the firing pattern of IC. When IC and VD fire in pyloric time, the accessory teeth and cardiopyloric valve pump quickly with small-amplitude inward-outward movements. Moreover, the lateral teeth can also be moved (Fig. 6) . We have observed the behavior of the IC and VD neurons in the absence of food. However, we envision that the contractions due to the firing of the IC and VD neurons would move food into the pyloric chamber by the following mechanism. Contractions due to the firing of the IC neuron bring the rows of fine hairs along the cardiopyloric valve ( Fig. 1 B) closer together, pushing food particles toward the pylorus.
Food not yet in the reach of the hairs could be moved toward them as the accessory teeth move in phase with the valve. The fine hairs could also keep the food particles in place during the VD driven opening phase of the valve. The IC neuron, traditionally considered a pyloric neuron, can also fire in time with the gastric rhythm. In the isolated nervous system, several of the pyloric neurons have been observed to switch to a gastric activity pattern upon initiation of a gastric rhythm either spontaneously or after application of modulatory substances (Weimann et al., 199 1) . Bath application of proctolin to the STG strongly activates the pyloric rhythm. As is the case in experiments done in vitro Hooper and Marder, 1987; Nusbaum and Marder, 1989a,b) , the proctolinactivated pyloric rhythm seen in situ is associated with long bursts of the LP neuron (Fig. 9A,B) . After a few minutes in 10m6 M proctolin, the IC neuron starts to produce long bursts of action potentials and fires in time with the gastric rhythm in both in vitro preparations (J. M. Weimann, unpublished observations) and the intact crab (Fig. 9B) . The movements associated with this gastric activity of the IC neuron involve the cardiopyloric valve and the lateral teeth (movement panel of Fig.  9B ).
In the case shown in Figure 9 , the LG neuron was not firing action potentials, probably because it was damaged by penetration with a microelectrode. This made the analysis of the contribution of IC to the overall movement of the lateral teeth easier. In this experiment, the movement of the lateral teeth during the IC plateau was anterior and only a little toward the midline, which facilitated the analysis of IC-evoked movements of the lateral teeth. Therefore, only the y-axis is plotted in Figure et 9. This clearly shows a large forward movement of the lateral teeth during the IC plateau. This was not expected because gm5a, one of the three muscles innervated by the IC neuron, runs parallel and adjacent to the LG-innervated gm5b muscle. We were surprised that IC activity did not cause a large closure of the lateral teeth. One possible explanation for this may lie in the fact that each of the three muscles (one gastric, one cardiopyloric valve, and one cardiac valve) innervated by the IC neuron shows different facilitory and antifacilitory properties (Weimann et al., 1991) . Therefore, the behaviors produced by different patterns of activity in the IC will be complex. In a complete gastric rhythm in which MG, LG, and IC are all firing in gastric time, the teeth can be pulled forward during the IC phase and closed during the LG/MG phase.
New role for gastric mill neurons
The three-dimensional relationships of the arrangements of the teeth and ossicles can lead to additional movements that are not intuitively obvious. This can be illustrated by the movements produced by the GM motor neurons. The four GM neurons innervate three groups of extrinsic muscles: gm lab, gm2, and gm3bc ( at the carapace behind the eye stalks and insert onto ossicle II, which is part of the hinge for the medial tooth (Fig. 2) . In the intact crab, bursts of action potentials in the GM motor neurons cause the gm 1 and gm2 muscles to contract, providing the power stroke for the medial tooth. The gm2 and gm3bc muscles that are innervated by the GM neurons insert onto ossicles III and IV. These ossicles are mechanically coupled to the lateral teeth, such that GM activity also moves the lateral teeth (Fig. 10) . Specifically, strong GM activity causes the lateral teeth to move posteriorly (y-direction). This movement is the grind phase of chewing in which the cusps of the lateral teeth grind backward along the file of the medial tooth in the lobster (Heinzel, 1988a) . Our observations confirm that the GM innervated gm2 and gm3bc muscles cause the grinding movement. Surprisingly, the lateral teeth are also closed by the firing of GM (Fig. 10) .
Plotted in the first panel of Figure 10 are the x-coordinates of the tips of the left (XL) and right (RL) lateral teeth before, during, and after depolarization of a GM motor neuron (vertical bar). The GM neuron was depolarized for 4.75 set and fired at a rate of 50 Hz. In the second panel are the Y-coordinates of the left (YL) tooth measured in medial tooth units (MU) where 1 MU is half the width of the medial tooth. The right tooth produced the same movement as the left tooth. The two sketches show the position of the lateral teeth with respect to the medial tooth during a mild LG-induced bite (first drawing) and the position of the teeth during depolarization of a GM motor neuron (second drawing). It is clear that GM activity enhanced the movement of the lateral teeth even though the firing rate of the LG neuron did not change. Thus, the GM neurons not only produce the grind phase but also augment the LG/MG-induced cut phase of the cut and grind mode of chewing. Qualitatively similar results were obtained in eight neurons; however, the amount of movement varied.
A summary diagram indicating the movements that result from activity in individual neurons is shown in Figure 11 . The arrows indicate the average or predominant movements caused by each motor neuron. Certain conclusions about the roles of individual neurons in the control of movements of the gastric mill can be made. Previously, it was known that the GM motor neurons innervate muscles (gm 1 ab, gm2) that produce the power stroke (protraction) of the medial tooth (Selverston and MouEns, 1987) . We now see that the GM neurons can also retract and close the lateral teeth (Fig. 10) . Second, the DG motor neuron innervates the gm4 muscle (Fig. 2B ) that controls the return stroke (retraction) of the medial tooth. When the DG neuron fires gastric-timed bursts but the other neurons are all firing in pyloric time, it may function to load the pyloric chamber. Third, the lateral posterior gastric motor neurons innervate muscles that open the lateral teeth. Fourth, the LG and MG neurons innervate muscles that close the lateral teeth. We now see that MG closes the tips of the teeth. When LG fires in short bursts, it also closes the tips of the teeth. However, when LG fires in long bursts, it additionally closes the serrated edges of the lateral teeth. Moreover, short, pyloric-timed activity patterns of even 2 or 3 spikes/burst in MG and LG are sufficient to produce pyloric-timed pumping of the lateral teeth, and to maintain muscle tone that aids in strong gastric movements (Fig. 8) . Fifth, the IC neuron, classically considered a pyloric neuron, contributes to lateral tooth movement when firing in either pyloric time or gastric time (Figs. 6, 9 ), in addition to closing the accessory teeth and the cardiopyloric valve. The VD neuron opposes the pyloric actions of the IC neuron. Interestingly, the anterior median neuron usually considered part of the gastric mill pattern generator did not appear to have any effect on the movement of the gastric mill complex.
Discussion
The mechanisms by which rhythmic behaviors are produced and modulated have been extensively studied using in vitro preparations of the stomatogastric nervous system (Harris-Warrick and Marder, 1991) . One of the most striking results from work of recent years in the stomatogastric nervous system is the highly variable number of motor patterns seen in the presence of different neuromodulatory environments . In fact, some have wondered that such widely variable motor patterns seem unnecessary for the accomplishment of the apparently simple task of eating. Without direct behavioral observations it is impossible to know for certain whether all of the states found in in vitro studies are part of the behavioral repertoire of the animal. Indeed, one might imagine that the actual physical and mechanical constraints present in the animal might provide sensory or other feedback that could restrict the variability in motor patterns seen in intact animals to a small subset of those freely expressed in in vitro preparations. However, the results from the experiments reported here Figure II . Summary diagram indicating the movements produced by activity in the indicated neurons. This summary combines information from spontaneous activity, modulator induced activity, and current injection into the soma.
are not consistent with that view. Instead, our data argue that many variants of the motor patterns that have been seen in vitro are likely to produce important and relevant behaviors, although without direct observation ofthe movements it would have been quite difficult to imagine what these were.
Given the organization of the crustacean foregut, it is far from trivial to relate motor patterns to movements because of the incompletely understood nonlinear transfer functions between the different motor patterns and the movements of the behaving animal. First, the stomach itself is a complex series of hinges, levers, and fulcrums consisting of ossicles and teeth (Maynard and Dando, 1974) . Therefore, a given muscle or muscle group can produce movements that are quite difficult to predict . Second, many of the synapses made by the motor neurons onto stomach muscles show considerable frequency-dependent modifications, such as facilitation and depression (Govind et al., 1975; Hooper et al., 1986; Weimann et al., 199 1) . Therefore, even subtle changes in the number or timing of motor neuron action potentials in a burst may evoke considerably different amounts of movement or tension generation. Third, in the presence of some modulatory substances, at least some of the muscles are likely to display myogenic properties (Lingle, 198 1; Meyrand and Moulins, 1986; Meyrand and Marder, 199 l) , which can greatly amplify the movements evoked by a given neural input. Fourth, a given fictive motor pattern is an event in an open loop system that can be substantially modified by sensory feedback under the closed loop conditions in a behaving animal. Therefore, it will be necessary to use the methods pioneered in this article to characterize the movements associated with a large variety of motor patterns, including those produced by modulatory substances and stimulation of sensory neurons. This article provides only the first step in an ongoing line of investigation that will almost certainly produce additional novel findings.
One of the most puzzling observations from in vitro experiments was that many of the gastric mill motor neurons fire in et al. * Movements of the Gastric Mill time with the pyloric rhythm when a full gastric rhythm is absent (Weimann et al., 199 1) . The endoscopic observations reported here showed that the lateral teeth display pyloric-timed movements, as well as the strong gastric-timed closures that were previously described in Panulirus interruptus (Heinzel, 1988a) . The presence of these pyloric-timed movements of the teeth demonstrates that the switches of activity patterns seen in vitro are behaviorally significant. Moreover, it is clear that the different regions of the stomach are linked much more tightly than hitherto appreciated, suggesting that it may not be advisable to treat the pylorus and gastric mill as functionally independent structures. Importantly, the ability to record and manipulate electrical activity and movement simultaneously makes it clear that because of the mechanical structure of the stomach, a given movement often results from the cooperative activity of several neurons, some of which may be classically members of the pyloric network, while others may be those classically considered gastric network neurons. When the LG and MG neurons fire in time with the pyloric rhythm, they often only fire only several spikes per burst (Weimann et al., 199 1) . In this article we demonstrate that when the LG and MG neurons fire only 2 or 3 spikes/burst in time with the pyloric rhythm, these few spikes are sufficient to produce pyloric-timed movements of the lateral teeth (Figs. 7, 8 ). These data demonstrate that LG activity is able to elicit movements over a large range, from short, pyloric-timed bursts of few spikes to long bursts typical of a full gastric rhythm. Interestingly, the simultaneous movement and electrophysiological recordings shown in Figure 6 show that full closure of the lateral teeth was produced by modest gastric bursts in LG. One of the issues that it will be possible to resolve in the future is the relationship between burst intensity and movement as the period of the gastric rhythm is varied.
The IC and VD neurons are "pyloric" neurons that switch into gastric time. We now see that the IC contributes to the movements of the lateral teeth when it fires in either pyloric or gastric time. Interestingly enough, we failed to observe any movement associated with pyloric-timed activity in the GM neurons, although in this case, the pyloric-timed activity is likely to maintain a basal level of facilitation at the neuromuscular junctions (Weimann et al., 199 1) that will potentiate the movement produced by a gastric burst. Additionally, although low levels of pyloric-timed activity in some gastric neurons may not produce discrete contractions, they may play a role in maintaining muscle tone that keeps the stomach in its proper threedimensional configuration. Such activity may easily turn into large-scale movements if the muscles change their properties under the influence of modulatory substances (Lingle, 1981; Meyrand and Marder, 199 1) .
In summary, the experiments described in this article demonstrate that it is possible to correlate specific activity patterns of stomatogastric motor neurons with movements of the gastric mill. In the future it will be interesting to modify the activity of a single STG neuron during different ongoing behaviors. In this way it will be possible to determine how the movement actually produced by each neuron depends dynamically on the full patterns of activity in the STG networks. We have already seen that the full range of behaviors is much richer than previously described, and that many of the forms of modulated motor patterns produced by the STG are likely to be behaviorally important, in ways that are evident once they can be seen, but were impossible to envision otherwise. Further work will be required to characterize completely the full complement of movements in the gastric mill, and the interacting roles that these neurons play in shaping the repertoire of stomach movements.
